Cell engineering is defined here as the collective ability to both reset and edit the genome of a mammalian cell. Until recently, this had been extremely challenging to achieve as nontransformed human cells are significantly refractory to both these processes. The recent success in reprogramming somatic cells into induced pluripotent stem cells that are self-renewable in culture, coupled with our increasing ability to effect precise and predesigned genomic editing, now readily permits cellular changes at both the genetic and epigenetic levels. These dual capabilities also make possible the generation of genetically matched, disease-free stem cells from patients for regenerative medicine. The objective of this review is to summarize the key enabling developments on these two rapidly evolving research fronts in human cell engineering, highlight unresolved issues, and outline potential future research directions. STEM CELLS 2012;30:75-81 Disclosure of potential conflicts of interest is found at the end of this article.
INTRODUCTION
The overarching goal of regenerative medicine is to develop processes for creating functional tissues to enable the repair or replacement of damaged and diseased tissues. The realization of this goal is typically envisioned through a two-step process: the first being to derive disease-free starting cells, ideally stem cells that are genetically matched to the recipient; and the second being to modulate these through appropriate differentiation and assembly to achieve a transplantable tissue form. However, in practice, efficacious fulfillment of each of these steps presents serious obstacles and is thus the subject of active research by biomedical scientists. Specifically, in the quest for a suitable source of cells, pluripotent stem cells, such as embryonic stem (ES) cells derived from early embryos (Fig. 1A) , offer a particularly attractive avenue to explore. This is because they possess two key features: one, an indefinite self-renewal capability in culture and, two, a very broad differentiation potential to generate all cell types [1] . Hence, in theory, if one can efficaciously derive such cells and then efficiently do gene therapy in them to correct all underlying disease causing mutations, then the resulting cells can serve as the desired inexhaustible source of healthy stem cells. These can subsequently be directed to differentiate into any desired cell type of choice, which can ultimately serve to repair the damaged or diseased tissue of interest. This review aims to provide an overview of the first step in the above cascade, specifically approaches toward engineering disease-free human stem cells that can serve as a viable source of cells for cell-based therapies.
REJUVENATING CELLS FOR REGENERATIVE MEDICINE
During the course of embryonic and subsequent development, cells starting from a pluripotent state differentiate into various cell types with progressively narrower developmental potential. Their cellular and epigenetic programs gradually become less flexible and more defined, resulting in the acquisition of a stable phenotype [2, 3] . Drawing an analogy using Waddington's epigenetic landscape of mammalian development [3] , akin to marbles that lose potential energy on going downhill, cells too during the course of development (starting from the unicellular zygote stage) progressively lose their degree of multipotentiality. The marbles eventually settle into valleys that correspond to local minima's and thus represent cell types with stable phenotypes that will be normally found during homeostasis. Occasionally cells in response to external stimuli may crossover to local minima's in their immediate vicinity, if an intervening barrier is not too high. However, to affect a movement uphill toward the top or into a distant valley, two distinct processes that are termed, respectively, as dedifferentiation or transdifferentiation (and referred collectively as cellular reprogramming), a sustained stimulus or driving force is needed. For somatic cells, the ascent (dedifferentiation) has classically been achieved by one of two means: either nuclear transfer into oocytes [4] (Fig. 1B) , or fusion with ES cells [5] (Fig. 1C) . Transplantation of a somatic cell nucleus into an enucleated oocyte can initiate a striking conversion to an embryonic phenotype. Akin to the use of blastocysts for human ES cell derivation, this process is, however, also saddled by serious ethical and technical concerns [6] . However, it must be noted that not only is cloning inefficient because most cloned embryos die shortly after implantation but also the few that survive to birth frequently have developmental abnormalities and usually a short lifespan. This implies that compared with a fertilized egg from natural mating, the reprogramming of the transplanted nucleus is relatively incomplete. A similar result is also achieved by fusion of somatic cells to ES cells (Fig. 1C) ; however, the resulting multipotent cells have tetraploid nuclei and thus possess only limited developmental and clinical potential. It has also been found that exposure of somatic cells or nuclei to cell extracts from ES cells or embryonal carcinoma cell lines (roughly a tumor-version of ES cells) can lead to reprogramming to a ES cell-like or more undifferentiated state [7, 8] . Together, these experiments demonstrate that nuclear reprogramming is indeed possible through several means. However, the precise identity and nature of the underlying players for somatic cell reprogramming using these techniques is not easily elucidated.
Merely 5 years ago, a fourth method was developed by Takahashi and Yamanaka [9] , first with the murine system in 2006 (Fig. 1D ). This approach relied simply on the forced gene expression of four transcription factors: Oct4, Sox2, Klf4, and Myc (OSKM) to restart the pluripotency network (Fig. 1D) . The resulting cells called induced pluripotent stem (iPS) cells are phenotypically and functionally very similar to ES cells in that they can self renew indefinitely and are pluripotent. This pioneering work and subsequent early publications [10] [11] [12] presented the first successful approach to reprogram a mammalian genome to a pluripotent state using defined factors.
OVERCOMING HURDLES TOWARD HUMAN CELL ENGINEERING
The publication of this seminal work by the Yamanaka laboratory for mouse cells sparked a frenzy of activity to extend it to the human system. However, it quickly became evident that a direct translation of this approach to human cells was plagued by multiple roadblocks. First, the reprogramming efficiencies for human cells were found to be significantly lower (typically one colony per 10 4 input cells or even lower) [13] [14] [15] [16] . Second, the derivation of iPS cells from these also took a significantly longer duration of time, typically 4 weeks or even more (as opposed to just 2 weeks in mouse cells). Both may reflect the fact that normal human cells proliferate much slower than murine cells in culture. Together, these aspects made derivation from human cells a technically challenging process in early days. Furthermore, adult cells were observed to be typically significantly more refractory than embryonic or fetal cells to reprogramming [15] . However, it was imperative for biomedical research to be able to do this reprogramming efficiently in cells from adult or postnatal tissue sources.
Towards addressing these issues, it is instructive to first consider the following analogy for the pluripotency network: the four transcription factors OSKM can be considered as key nodes (genes) of the ES cell regulatory network graph from which it is possible to efficiently reach (activate) all other nodes, that is, kick-start the pluripotency network and effect reprogramming of a somatic cell to a pluripotent state. Now, although these four factors form a sufficient set, however, they need not represent a necessary or optimal starting set. Specifically, judicious inclusion of additional factors (nodes) could hasten this graph traversal, that is, speed up reprogramming, as also would conditions that improve overall graph connectivity, for instance, modulation of the epigenetic state of the somatic cell type. Finally, appropriate choice of a starting cell type that already has a partially activated pluripotency network or favorable epigenetic status would also make it highly amenable to this reprogramming process.
Consequently, toward the goal of improving reprogramming efficiency and efficacy approaches exploring each of these possibilities have been considered by researchers, and entail introduction of additional stimulatory factors to the basic four-factor cocktail. Per the above, these fall into four broad categories (Fig. 1D, table) : first, factors that promote cell immortalization, proliferation, and improvement of survival potential of cells, such as SV40 large T antigen, telomerase reverse transcriptase, and reagents that reduce p53 levels [15, 16] ; second, modulation of the underlying epigenetic state of the cells to promote active chromatin marks, specifically, histone deacetylase inhibition (butyrate or valproic acid) [17, 18] , H3K4 methylation agonists (trancyclopromine hydrochloride), H3K9 methylation antagonists (BIX01294) [19] , and CpG methylation inhibitors (5-aza-deoxycytidine or RG108); third, modulation of key signal transduction and metabolic pathways known to be active in ES cells: specifically, MAPK/ERK kinase inhibition (PD0325901), Wnt agonists (Wnt3A or CHIR99021), L-type calcium channel agonist (BayK8644), transforming growth factor b inhibition (A83-01 or SB431542), promotion of glycolytic metabolism (PS48) [20] , and factors with pleiotropic effects on metabolism as well as global gene expression (such as Myc, hypoxia, and butyrate) [21] ; and finally fourth, modulation of microRNA (miRNA) pathways based on those selectively expressed in the pluripotent state [22] . In fact, in a recent publication, enforced expression of few exogenous miRNAs alone was shown to be sufficient to reprogram mouse and human somatic cells to a pluripotent state [23] .
Successful reprogramming of somatic cells requires prolonged overexpression of reprogramming factors. Consequently, retroviruses/lentiviruses were the initial preferred choice of delivery vectors, because upon infecting a cell, they can efficiently integrate into the genome and thus provide the required stable and high levels of transgene expression. However, this feature results in permanent modification of the genome, and hence also significantly raises the risk of insertional mutagenesis [24] [25] [26] [27] [28] . Moreover, it was soon realized the expression of reprogramming genes are required only transiently; indeed, they have to be adequately silenced in successfully reprogrammed iPS cells to avoid interference of differentiation programs [11, 12, 29] . Thus, for iPS cells to be relevant in a clinical setting, it was imperative that one derives them using techniques that result in minimal genomic alterations. Consequently, there have also been significant efforts in exploring alternative reagents and approaches to enable derivation of integration-free iPS cells. Specifically, several virus-free and integration-free methods were reported, which generated mouse and human iPS cells by using purified proteins, modified mRNAs, and novel plasmid systems [29] [30] [31] [32] [33] [34] [35] [36] . However, as expected, the reprogramming efficiencies using some of these approaches were vanishingly small, and in other cases (such as using proteins or mRNAs), needed cumbersome serial delivery (daily and up to 3 weeks) of adding multiple reprogramming molecules to reprogram fibroblasts. However, recent literature has highlighted that certain cell types such as fetal neural stem cells [31] and postnatal blood cells (after stimulation in culture) [37, 38] are easy cell types to reprogram to the ES cell-like state and thus also amenable to facile reprogramming even using transient stimulatory techniques as above. Taken together, the above advances have enabled robust and reproducible derivation of human iPS cells from most accessible sources.
If the thus derived iPS cells are to be eventually relevant in a regenerative medicine paradigm, it is also critically important to rid them of any underlying mutations that cause diseases. As an alternative approach of correcting the mutation in iPS cells, one could do gene therapy in the starting somatic cells and subsequently reprogram them to a pluripotent state. However, the lack of self-renewal ability of most somatic cell types makes selection and expansion of rare corrected clones difficult and thus this approach is often not feasible. Thus ES/iPS cells are typically the cell type of choice for effecting genetic mutations. Precise gene targeting by homologous recombination (HR) has played a critical role in genetic studies of various systems, including the generation of knockout/knockin transgenic mouse models using mouse ES cells. However, the efficiency of HR-mediated gene targeting in human ES cells, as in nontransformed human cells, remains low even after nearly a decade since its first report [39] . Only a few studies have been published to date using methods that are commonly performed in mouse ES cells. Using standard plasmid-based systems, the current HR rates are approximately 10 À6 and usually even lower in normal human ES cells and other nontransformed mammalian cells (Fig. 2) . This is further compounded by the fact that human ES cells and iPS cells grow very poorly when plated as single cells (a practice required for selection of rare targeted clones), compared with mouse ES cells. A promising approach toward the same has been the use of zinc-finger nuclease (ZFN) generated site-specific double stranded breaks to stimulate HR efficiencies. Simply speaking, ZFNs are engineered sequencespecific nucleases comprising of two domains: a customized array of zinc-fingers (engineered to bind to a specific DNA sequence) fused to the DNA endonuclease domain from the FokI restriction enzyme [40, 41] . Each zinc-finger domain recognizes 3-4 bp of DNA and a three-finger ZFN can thus recognize approximately 9-10 bp of DNA sequences. When two ZFNs bind cognate target sequences in the proper orientation, the FokI domains can dimerize and create a nuclease that makes a DNA double-stranded break (DSB) between the two cognate sequences. The use of a ZFN pair in this manner also increases the overall sequence specificity, enabling them to precisely target a single unique locus in the genome (!18 bp by a pair of ZFNs, each with three zinc finger domains). Stimulated by ZFN-induced DSBs, endogenous loci can be targeted with high efficiency by either HR (in the presence of an exogenous donor DNA fragment serving as a repair template) or error-prone nonhomologous end-joining (especially in the absence of a DNA template). Thus, ZFNs have been used to make site-specific genomic modifications with high efficiencies in a variety of (mammalian and plant) cell lines and small organisms. Indeed, now several studies have also reported successful gene targeting by HR-mediated gene insertion at a few selective loci in normal or disease-specific human iPS cells [42] [43] [44] [45] [46] .
LOOKING FORWARD TO THE FUTURE
Human iPS cells that are derived from adult somatic cells hold great promise as a renewable cell source for developing patient-specific cell therapies. As we look to understand the issues that still need to be overcome before clinical translation becomes feasible, we recapitulate below the three key steps toward enabling such a regenerative medicine paradigm. These are, first, efficient and efficacious derivation of patientspecific pluripotent stem cells from accessible somatic cell types; second, subsequent facile correction of all underlying genetic mutations to obtain disease-free stem cells; and finally third, scalable differentiation to a functional tissue form suitable for transplantation. Below we analyze the first two steps (the focus of this review) in detail and identify in particular the critical aspects that still need to be addressed and also potential directions that may be explored toward these.
With regards to the first step, that is, derivation of human iPS cells, efficient reprogramming is currently no longer an impeding research issue. Recent improvements have resulted in development of protocols that enable highly robust derivation of integration-free human iPS cells from multiple postnatal human cell types in a research laboratory (Fig. 1B) . The facile method by episomal vectors after one round transfection of plasmid DNA (that can be cheaply produced and are stable) for generating high-quality, integration-free iPS cell lines from blood [37, 38] is a particularly attractive approach towards development of a robust technology compliant to future clinical uses.
Recent articles have suggested that early passage iPS cells may also retain a degree of epigenetic memory of their starting somatic cell types which may influence their differentiation ability [47] [48] [49] . Preliminary studies into the potential tumorigenecity and other aberrant properties of early versions of iPS cell lines have also been initiated [50] [51] [52] . Thus, development of assays for qualifying the efficacy (especially, the safety quotient) of derived iPS vis-a`-vis ES cells, which are the gold standards for pluripotency, will be a key next step for the reprogramming field. It is important to point out that for most applications in somatic cell regenerative medicine, iPS cells do not need to be the identical to ES cells with an epigenetic signature of an embryonic cell. For instance, the residual epigenetic memory left in derived iPS cells could also provide advantages to differentiate back to the original cell type where the iPS cell line is derived from [47] [48] [49] .
With regards to the second step, that is, facile correction of genomic mutations in iPS cells, the field still has a long way to go. While the use of ZFNs can stimulate HR rates significantly, it is still not high enough that the step of gene targeting or correcting can be assumed to be either facile (especially for transcriptionally silent loci) or of short enough duration to be adaptable to a clinical setting. Thus, it is important to look beyond just ZFNs and explore other technologies. A few of note are (Fig. 2) : the recently emerging TAL effector nucleases (TALENs) (which are significantly more modular than ZFNs) [53, 54] , adeno-associated viruses (which are efficient at targeting several human somatic cell types) [55, 56] , gutless adenoviral vectors that allow high-level gene transfer and large cargos of longer homology arms for increasing HR [57] , and bacterial artificial chromosome-based plasmid vectors with extremely large homology arms [58] are all active avenues that merit further exploration. We believe that development of enabling technologies on this front will be a very intense field of research in the near future, and progress here will have far reaching impact not just in regenerative medicine but also in the general field of gene therapy and disease modeling.
Ultimately, targeted differentiation and assembly into a transplantable tissue form of the disease-free iPS cells will be critical to achieve the goal of cell-based patient-specific therapies. Although there are still several hurdles to surpass and not Figure 2 . A human induced pluripotent stem (iPS) cell-based regenerative medicine paradigm. This approach proceeds in three steps and entails, first, collecting a patients somatic cells (such as their skin or blood cells); next, directly converting them into pluripotent stem cells (that is into cells which now have the ability to differentiate into all three germ layers); and then correcting their endogenous disease causing mutations to obtain immune-matched disease-free stem cells suitable for potential cell-based therapies. The appended table lists the various techniques for performing genetic modifications. Finally, the thus derived healthy stem cells are modulated through appropriate differentiation and assembly into a transplantable tissue form. Note that, the derived iPS cells can also serve as a valuable tool for basic science research, enabling disease modeling, and potential drug screening and toxicological studies of human cells that are otherwise not directly feasible in human subjects. Abbreviations: AAV, adenoassociated virus; BAC, bacterial artificial chromosome; DSB, double-stranded break; ES cell, embryonic stem cell; HR, homologous recombination; iPS cell, induced pluripotent stem cell; TALEN, TAL effector nuclease; ZFN, zinc-finger nuclease.
all differentiation paradigms are equally mature, nonetheless, examples of attainment of functional differentiated tissues are regularly emerging (such as in instances of neural, gut, and retinal differentiation, to name but a few) [59, 60] . Clearly, advances in the years to come will lead to further refinement of these technologies making them more efficacious and also eventually scalable to enable ready clinical use.
Of particular relevance has also been the recent growing interest in the field of transdifferentiation or lineage conversion, that is, the process of converting one somatic cell type to another. Demonstrations of successful reprogramming on this front have been rapidly increasing in recent literature. While the earliest among these were the conversion of fibroblasts into muscle cells decades ago [61] , lately conversion of B lymphocytes into macrophages [62] and more recently of fibroblasts into neurons [63] and blood progenitors [64] has also been successfully effected. This was achieved following the forced expression of a few transcription factors that provide the necessary transformative force to the target tissue type of interest. While maturity of the derived tissues as well as overall scalability of these processes still needs to be demonstrated, these studies offer us an unprecedented insight into the key players that govern tissue specification. More importantly, we believe these studies will eventually guide us to development of techniques for both harvesting and subsequent faithful and sustained in vitro culturing of adult human tissues or tissue progenitors. This could potentially obviate the very need to ever reprogram cells! As in such a scenario, barring the step of correcting underlying mutations, one would simply need to transiently culture such tissues to the desired scale of expansion before their eventual transplantation back into the patient to enable repair or replacement directed cell-based therapies.
Overall, we thus look forward to an exciting future in this highly interdisciplinary field of research. Several basic science discoveries are at the cusp of being unraveled as our understanding of human development and aging rapidly expands. Most importantly, this improved understanding is directly impacting the development of clinically translatable technologies for regenerative medicine.
ACKNOWLEDGMENTS
We thank Drs. David Yue, Sharon Gerecht, Hai-Quan Mao, and Linda Resar for their advice and suggestions and also thank three anonymous reviewers for their critiques and suggestions that helped us in revision. We regret that we were unable to cite more relevant studies because of space constraints. This work was supported by a Siebel Scholarship (Class of 2011; to P.M.). P.M. is currently affiliated with the Department of Genetics, Harvard Medical School, Boston, MA.
DISCLOSURE OF POTENTIAL CONFLICTS OF INTEREST
The authors indicate no potential conflicts of interest.
